Secondary battery is composed of four main elements: cathodes, anodes, membranes and electrolyte. The cathodes and the anodes are connected to the poles that allow input and output of the current generated while the battery is being charged or discharged. In this study laser welding is conducted for 40 sheets of pure copper material with thickness of 38 μm, which are used in currently manufactured lithium-ion batteries, using pulse-wave fiber laser to compare welded joint to standard bolt joint and to determine optimum process parameters. The parameters, which has significant impact on penetration of the pulse waveform laser to the overlapped thin sheets, is the peak power while the size of the weld zone is mainly affected by the pulse irradiation time and the focal position. It is confirmed that overlapping rate is affected by the pulse repetition rate rather than by the pulse irradiation time. At the cross-section of the weld zone, even with the increased peak power, the width of the front bead weld size does not change significantly, but the crosssectional area becomes larger. This is because the energy density per pulse increases as the peak power increases.
INTRODUCTION


In the modern automobile industry, there is a growing interest in developing eco-friendly vehicles. Eco-friendly cars are manufactured for reducing the use of fossil fuels and mitigating green gas emissions, in addition to powersaving engines and high-capacity batteries, which are their core competitive features. The key for batteries development is high capacity and light weight. Today's secondary battery is composed of four main elements: cathodes, anodes, membranes and electrolyte. The cathodes and the anodes are connected to the poles that allow input and output of the current generated while the battery is being charged or discharged. Fig. 1 shows the inside of the lithium secondary battery [1 -8] .
As shown in Fig. 1 , the cathode and the anode are connected to the pole using mainly bolt joint. Bolts are tightened with nuts that adversely affects the weight, which is a key important for developing cells with increased energy density. For high-density energy sources, laser welding offers advantages of melting and solidification within a short period of time, along with little thermal deformation. Owing to larger aspect ratio, greater penetration depth and smaller Heat Affected Zone (HAZ), laser welding offers many advantages. Compared to common welding, it is more sparing to the base material in terms of metallographic and mechanical properties, having thus excellent weldability [9 -14] .
In this study, laser welding is conducted for 40 sheets of pure copper material with thickness of 38 μm, which are used in currently manufactured lithium-ion batteries, using pulse-wave fiber laser to compare welded joint to standard bolt joint and to determine optimum process parameters. 
EXPERIMENTS
Experimental setup
The fiber laser used in this study is a dual mode laser (YLS-600/6000-QCW-AC), which can generate continuous and pulse waves with wave length of 1.07 μm; the maximum average power is 600 W, and the maximum peak power is 6 kW. The laser beam is transmitted through the optical fiber with diameter of 50 μm and focal diameter 78 μm. The optical system of the laser welding head has the focal distance of f = 250 mm. The Beam Parameter Product (BPP) is 2.0 mm·mrad. The equipment used in this study is shown in Fig. 2 . 
Experimental methods and specimens
In this study, specimens are made of pure copper material shaped into a size of 150 mm × 50mm × 0.038mm to determine optimum process for laser welding. Forty ultra-thin sheets (38 μm) of copper with purity of 99.9 % or higher are overlapped for welding. The chemical composition of the specimen is shown in Table 1 . In order to study welding characteristics according to focal position of the laser beam, this study conduct laser welding with different laser peak power (5 and 6 kW), focal position (F = -3, 0, +3), pulse irradiation time and pulse repetition rate of the laser beam, with laser beam feed rate fixed to 0.5 m/min.
Focal position of specimen surface is f = 0. Because of design features of the equipment, the pulse irradiation time is predetermined when the pulse repetition rate is fixed and once it is determined, the pulse repetition rate can be determined. The corresponding relations are shown in Eq. 1 and Eq. 2. 40 specimen sheet was checked penetration-welded at the fixed pulse irradiation time (pulse repetition rate) as 4 ms (25 Hz), 6 ms (16 Hz), 8 ms (12 Hz) and 10 ms (10 Hz), while varying the peak power.
The obtained cross-sections of the weld are subject to hot-mounting on the mounting press for texture analysis. The weld sections, which are made rough by cutting, are polished to facilitate texture analysis. The polished specimens are etched with a chemical solution of FeCl3+HCl+Glycerin+H2O. The boundary surface of the etched weld bead was observed using optical microscope (Olympus: GX-51). In short, 40 thin sheets were overlapped to weld them together, cut the welded specimen, and measure the penetration depth and width of the weld using optical microscope.
The specimen of 40 thin sheet was firmly fixed using the jig attached to the workbench, in order to prevent deformation caused by thermal expansion during welding.
For each welding condition, tensile test was conducted to measure the mechanical properties of the weld, using a tensile tester (Hounsfield universal testing machine) with tensile specimens fixed at the right angle to the tensile load direction. Pulse time and pulsed on time are defined as:
3. RESULTS AND DISCUSSION
Laser welding characteristics
In order to analyze the overlap rate and the front bead width, 40 thin copper sheets with the thickness of 38 μm were welded using a fiber laser and examined the weld using an optical microscope. The images are shown in Fig. 3 . The image in Fig. 3 a shows that 40 specimen sheets are not evenly penetrated and welded when the focal position is f = 0, and the pulse repetition rate and irradiation time are 10 ms and 10 Hz respectively. The bead widths observed for different focal positions, with fixed pulse repetition rate and irradiation time, are shown in Fig. 4 .
As illustrated, when the frequency is reduced with the peak power and the laser beam feed rate being fixed, the pulse irradiation time increases, and the front bead width of the weld per unit pulse increases accordingly. It is determined that if the pulse irradiation time increases at constant peak power, the energy per pulse increases and the interaction time between the laser beam and the specimen becomes longer, resulting in the increase of the weld width. In addition, it is shown that the bead width varies with focal position.
If the focal position when the focal plane of the laser beam is above the specimen surface is f = 0, at the focal position f = +3, thermoelectric beads with low energy density are formed on the specimen surface to spread thermal energy throughout the surface by the laser beam, thus increasing the weld width.
At the focal position f = 0 the energy density becomes higher on the specimen surface and the heat builds up rapidly, penetrating the specimen more deeply. As a result, though the bead width smaller than when the focal position is f = +3.
Though it may seem that the overlap rate would increase as the pulse irradiation time increases and thus the weld front bead width increases when the pulse repetition rate is reduced under the same conditions, it actually decreases as the laser beam irradiation count is reduced when the pulse repetition rate is reduced.
The measured overlap rate is shown in Fig. 5 . As illustrated, the overlap rate depends on the pulse repetition rate rather than by the pulse irradiation time. The overlap rate is calculated according to Eq. 3. In Eq. 3, S' represents the distance from the origin without overlap and S represents the moving distance of the focus size depending on the feed rate. 
As shown in Fig. 4 , when the peak power is increased at fixed pulse irradiation time and pulse repetition rate, the front weld bead width increases by about 0.01 ~ 0.1 mm. When the pulse repetition rate is reduced while the peak power is fixed, it increases by about 0.1 ~ 0.3 mm. When the focal position is increased with the peak power and the pulse repetition rate are fixed, it increases by about 0.1 ~ 0.5 mm. Therefore, it is confirmed that the front bead width has more impact on the pulse irradiation time and the focal position than on the peak power. As mentioned before, this is because the increase rate of the front bead width is insignificant when the peak power is increased while the pulse repetition rate and the pulse irradiation time are fixed.
Aspect ratio and heat input characteristics
The experiments for each process parameter were conducted and then the cross-section of the weld was analyzed. The results are shown in Fig. 6 . As illustrated, the weld cross-section demonstrates that even though with the increased peak power, the weld width of the front bead does not change significantly , but the cross-sectional area of the weld increases. This is because the energy density per pulse increases with the peak power. Like this, when the peak power or the pulse irradiation time increases, the energy density per pulse increases as well. The reason why the energy density per pulse increases is that the energy remaining after making the key hole for welding 40 overlapped sheets goes to increase the cross-sectional area of the welded part. The specimen made of 40 thin copper sheets overlapped and welded according to No. 13B of the tensile test specimens for metal materials according to the Korea Industrial Standard was prepared, and conducted wirecutting to ensure minimal thermal impact and precision.
The results of the tensile strength test according to the pulse irradiation time and pulse repetition rate when the focal position is f = -3 are shown in Fig. 7 . The maximum tensile strength at the focal position f = -3 is observed when the peak power is 6 kW and the pulse repetition rate and the pulse irradiation time are 6ms and 16 Hz respectively.
When the focal position f = -3, the laser beam accesses the focal plane at a position lower than the surface of the specimen, causing bubbling. These bubbles cannot be released, but are trapped into the specimen as the cooling rate of the melting is very fast, resulting in undercut. As the laser beam, which passes the focusing lens, is irradiated on the specimen while being converged into a direction below the surface of the specimen, the excessive heat is generated, and some chemical composition of the specimen is vaporized to create bubbles on the welded surface that lowers the tensile strength. As copper has very high thermal and electrical conductivity, the heat from the welded section is lost very fast. As the melting pool is solidified, bubbles are trapped in the weld, resulting in defects and reducing the tensile strength. If the focal position is f = 0, which is the surface of the specimen, the key hole cannot be formed property due to high peak power, that results in under-fill. On the other hand, when the focal position is f = + 3, a relatively less bubbles are created, and the tensile strength is higher. At f = + 3, meaning that the focal position is above the surface of the specimen, the center of the transverse strength distribution of the laser beam originating from the laser beam passing through the focal plane shows Gaussian distribution. This increases the temperature of the perimeter of the weld line and thus delays solidification. As a result, the flow of the fluid pool of the key hole becomes free, removing defects from the interior of the weld zone and increasing the tensile strength.
CONCLUSION
This study is dedicated to welding of 40 overlapped 38 μm thin sheets of the pure copper using a pulsewaveform fiber laser. During the overlap welding, process parameters was changed according to the focal positions and analyze the energy density per pulse, the front/rear bead width ratio, the heat input, the metallurgical properties, and the mechanical tensile strength were analyzed. This study concludes as follows: 1. The parameters, which has significant impact on penetration of the pulse waveform laser to the overlapped thin sheets, is the peak power while the size of the weld zone is mainly affected by the pulse irradiation time and the focal position. It is confirmed that overlapping rate is affected by the pulse repetition rate rather than by the pulse irradiation time. 2. At the cross-section of the weld zone, even with the increased peak power, the width of the front bead weld size does not change significantly, but the crosssectional area becomes larger. This is because the energy density per pulse increases as the peak power increases. 3. According to the tensile strength analysis, the tensile strength of 40 overlapped 38 μm thin sheets reaches the maximum of 69.8 MPa when the focal position is f = + 3, the peak output is 5 kW, the pulse irradiation time and the pulse repetition rate are 4 ms and 25 Hz respectively. These figures are about 2.1 times and 2.5 times higher than those for the focal positions f = 0 and f = -3. 4. Though it is possible to replace the conventional the bolt fastening with the laser weld, further research is needed to examine the possibility of removing weld defects during laser welding.
